Isochronal annealing experiments for Fe irradiated with H or He ions were carried out to study interactions between gas atoms and vacancy clusters. The accelerating energy of H and He ions was 1.0 MeV and 3.3 MeV, respectively. The total dose was 1:0 Â 10 21 H ions/m 2 (0.2 dpa) and 9:6 Â 10
Introduction
When the energy of neutrons is high, a large number of H and He atoms are generated by nuclear reactions, such as (n; p) and (n; ) reactions in most of materials. The effect of H and He atoms on the development of defect structures is an important problem for materials used in fusion reactors because these gas atoms promote the growth of cavities 1, 2) and dislocation loops. [3] [4] [5] In addition, materials used in fusion reactors are directly damaged by irradiation of H and He atoms with acceleration energy ranging from eV to MeV level.
The ferritic steel is one of the important candidate alloys for the first wall of fusion reactors because of its low activation and high resistance for void swelling. However, the influence of H or He atoms on vacancy clusters in the steel has not been thoroughly understood.
In the present study, the annealing behaviors of vacancy type defects in -Fe after H or He ion irradiation were investigated and the thermal stability of gas-vacancy-complexes introduced by the irradiation was clarified, because the nature of lattice defects is almost the same between Fe and steels. After the irradiation, the isochronal annealing experiments with 1 h were performed up to the complete recovery temperature, and the stability of vacancy clusters, H-vacancy complexes and He-vacancy complexes were discussed.
To detect the formation of vacancy clusters, positron annihilation lifetime and coincidence Doppler broadening (CDB) measurements were performed. The positron annihilation technique is effective for investigating microvoid formation. [6] [7] [8] The lifetime measurement was used for detecting the size of microvoids. The CDB measurement, which determines the longitudinal momentum distribution of electrons annihilated with positrons, was used to detect the total amount of residual vacancy type defects. The CDB measurement is a remarkable technique, which has the great advantage of reducing disturbances from the background spectrum on the higher energy side of the annihilation peak (511 keV).
9-15)

Experimental Procedures
As a starting material, high purity Fe (99.99%) supplied by Johnson & Matthey Chemicals Ltd. was employed. Fe specimens were annealed for 0.5 h in high purity hydrogen gas at 750 C. The thickness of the specimens was about 0.15 mm. The irradiation experiments were carried out using the accelerator at the Institute for Materials Research, Tohoku University. The ion beam was circular with a diameter of 5 mm. The total dose was 1:0 Â 10 21 H ions/m 2 and 9:6 Â 10 19 He ions/m 2 . In order to match the damage and the gas concentration range of both types of irradiation, the acceleration energy of H and He ions was chosen to be 1.0 MeV and 3.3 MeV, respectively. The damage and gas stopping distributions were calculated by TRIM 98 code with a displacement energy of 24 eV for Fe. The depth of damage peak and gas concentration peak was about 6 mm from the surface of the specimen and the width of effective gas containing zone was about 1 mm for both irradiations. The amounts of effective damage and gas concentration were estimated as the average of the damage and gas stopping distribution in the region of full width at half maximum. In the case of H ion irradiation, the damage was about 0.2 dpa, the damage rate was 2:4 Â 10 À5 dpa/s and the H concentration was about 2 at%. While, in the case of He ion irradiation, the damage was about 0.3 dpa, the damage rate was 1:8 Â 10 À6 dpa/s and the He concentration was about 0.3 at%. The ratio of gas solution to irradiation damage as the average of full width at half maximum in the distribution was 10 5 appm H/dpa and 10 4 appm He/dpa, respectively. The irradiation temperature was 300 C.
The system for the positron annihilation lifetime measurement in this study was the conventional fast-fast circuit with two BaF 2 scintillators, and a 22 Na source of positrons was used. The time resolution of this system was about 220 ps. The lifetime was determined from analyses of the annihilation spectra by a positron resolution program. 16) In order to measure CDB spectra, two Ge detectors with almost the same energy resolution were used. The overall energy resolution of the two Ge detectors was 1.6 keV, which was defined by full width at half maximum of the 661.6 keV ray generated by the 137 Cs standard radiation source. The isochronal annealing experiments for the irradiated specimens were carried out for 1 h with a 50 C increment from the irradiation temperature up to the complete recovery temperature. The positron annihilation lifetime and CDB measurements were performed at room temperature before and after each annealing process.
Results
Positron annihilation lifetime measurements
Figures 1 and 2 show the isochronal annealing behavior of the positron annihilation long lifetime with its intensity and the mean lifetime in Fe irradiated with H or He ions at 300 C as a function of the annealing temperature. The long lifetime corresponds to the size of vacancy clusters, its intensity corresponds to the density of vacancy clusters, mainly microvoids, and the mean lifetime corresponds to the total amount of vacancy type defects. When the intensity of the long lifetime equals zero, the recovery of vacancy type defects has finished completely. When the mean lifetime drops to the lifetime of a perfect lattice in Fe, approximately 106 ps, 17) it also signifies the completion of the recovery of vacancy type defects by annealing.
As can be seen from these results, the formation of vacancy clusters was observed after H or He ion irradiation. However, the difference between H and He ion irradiation was mainly marked in the annealing behavior of the long and mean lifetimes. In the case of H ion irradiation, the long lifetime component disappeared at 450 C, while in the case of He ion irradiation, the long lifetime component disappeared at 1000
C. The annealing behavior of the mean lifetime also shows that the perfect recovery temperature was 450 C in H ion irradiated Fe and 1000 C in He ion irradiated Fe. This suggests that the recovery of vacancy type defects introduced by H ion irradiation occurred completely at 450 C, whereas that by He ion irradiation occurred at 1000 C. Another feature was that the long lifetime in He ion irradiated Fe increased gradually with increasing the annealing temperature over 600 C, i.e. vacancy clusters introduced by He ion irradiation grew over this temperature. Figure 3 shows the CDB spectra of unirradiated Fe and He ion irradiated Fe at 300 C (0.3 dpa). P L is the longitudinal momentum of an electron annihilated with a positron. The mc of the x-axis unit means the momentum, where m is the electron rest mass and c is the light speed. The unit of the yaxis is the count ratio for each momentum, which is normalized by total counts. A notable feature in these CDB spectra is that the count ratio at the low momentum region for He ion irradiated Fe is larger than that before irradiation.
Coincidence Doppler broadening (CDB) measurements
Positrons trapped at open volume defects such as vacancies mainly annihilate with low momentum electrons, i.e., Annealing Temperature, T / °C Mean Lifetime, t / ps 10 T. Ishizaki, Q. Xu, T. Yoshiie and S. Nagata conduction and valence electrons. [11] [12] [13] [14] [15] The increase of the count ratio at this low momentum region in the CDB spectra signifies that open volume defects, mainly vacancy type defects, are introduced in the measured specimen. This low momentum region is called the S-region and the S-region of Fe at our CDB measurement system was less than 4:0 Â 10 À3 mc as shown in Fig. 3 . The ratio of the S-region to total counts is called the S-parameter, which is used for measuring the total amount of vacancy type defects. For example, if the S-parameter ratio of a high energy irradiated specimen to an unirradiated specimen is larger than 1.0, it signifies that irradiation induced defects are formed in the irradiated specimen. Figure 4 shows the isochronal annealing behavior of the Sparameter ratio in Fe irradiated with H or He ions. The annealing behavior of the S-parameter ratio yielded the same recovery temperature obtained by the positron annihilation lifetime in both specimens. When the S-parameter ratio was less than 1.0, the annealing temperature was 450 C in Fe irradiated with H ions, while that was 1000 C in Fe irradiated with He ions. The above result also confirmed that vacancy clusters introduced by He ion irradiation were much more stable than those introduced by H ion irradiation.
Discussion
The results of the positron annihilation lifetime and CDB measurements indicate the difference in thermal stability between H-and He-vacancy complexes in -Fe, i.e., Hevacancy complexes were much more stable than H-vacancy complexes. In the case of H atoms in Fe, it was reported that the activation energy for migration of a H atom is 0.059 eV 18) and the binding energy of a H-vacancy complex is 0.96 eV. 19) Therefore, the de-trapping energy of H atoms from vacancies, which is the sum of the migration and the binding energy, is about 1 eV. In addition, according to Gorodetsky, the de-trapping energy of H atoms that exist nearby vacancies in Fe is even smaller than 0.5 eV. 20) Therefore, H atoms can easily escape from vacancies and small vacancy clusters during the irradiation and the recovery behavior of vacancy clusters is not influenced by H atoms at above 350 C. It was concluded that in the case of H ion irradiation, the thermal decomposition of vacancy clusters occurs between 350 C and 450 C. In order to confirm above conclusion, the thermal desorption behavior of H atoms from Fe after H ion irradiation is required to study. However, the study for the thermal desorption of H atoms from Fe has not been made at all because the surface of Fe is easily oxidized and the oxide layer causes a large disturbance in thermal desorption of H atoms in vacancy type defects.
Next, the effect of He ions will be discussed. In the previous study, we reported that He-vacancy clusters in Ni grew after annealing above 750 C based on the annealing experiment for Ni irradiated with He ions at 300 C. 21) This can be explained by the de-trapping energy of He atoms from vacancies. According to Reed, the activation energy for migration of a He atom is 0.08 eV and the binding energy of a He-vacancy complex is 3.16 eV in Ni. 22) Therefore, the detrapping energy of He atoms from vacancies is 3.24 eV. Once He atoms can escape from vacancies at high temperature, He atoms can migrate easily in a crystal lattice due to the lower activation energy for migration.
On the other hand, in the case of Fe, the annealing behavior is more complicated than that of Ni. According to Morishita et al., five thermal release peaks of He atoms were detected above 300
C by the thermal desorption experiment for Fe after He ion implantation at an energy of 8 keV with fluences from 2:0 Â 10 18 to 2:0 Â 10 20 He ions/m 2 at room temperature. 23 ) They compared He desorption spectra to theoretical calculations and assigned these peaks to He atoms dissociated from He n -V clusters (25n56, 473 C $ 527 C), He n -V m clusters (527 C $ 727 C), He-V clusters ($827 C) and He bubbles (above 977 C), where V denotes the single vacancy. The start up temperature of the growth of vacancy clusters was 600 C and the complete recovery temperature of vacancy type defects was almost the same as the dissociation temperature of He bubbles in our experiment. Two mechanisms are considered for the growth of vacancy clusters. One is the absorption of vacancies escaped from vacancy clusters due to the dissociation of He atoms from He n -V m , He-V and He bubbles. Vacancy clusters without He atoms are unstable below 450 C. The other is the migration and coalescence of He bubbles. The migration is often observed by in-situ transmission electron microscopy observation. 24, 25) If the absorption of single vacancies by clusters during high temperature annealing is not easy because of the existence of other sinks, the coalescence of bubbles is the main mechanism for the growth of vacancy clusters.
Conclusion
Based on the isochronal annealing experiments for Fe irradiated with H or He ions at 300 C by the positron annihilation lifetime and CDB measurements, the recovery behavior of vacancy clusters was studied, and the following conclusions were obtained.
In the case of H ion irradiated Fe, the recovery of vacancy clusters finished completely at 450 C. H atoms escaped from vacancies or small vacancy clusters before annealing at 350 C and the vacancy clusters decomposed between 350 C The Recovery of Gas-Vacancy-Complexes in Fe Irradiated with High Energy H or He Ionsand 450 C. In the case of He ion irradiated Fe, the introduced vacancy clusters grew by annealing above 600 C and were annihilated at 1000 C. This was caused by the emission of He atoms from vacancies and small vacancy clusters, and by the migration and coalescence of He bubbles. The thermal decomposition of He vacancy clusters ended below 1000 C.
